Abstract:
Abstract: 48 The objective of this paper is to demonstrate how the spatial variability of random soil affects the 49 failure mechanism and the ultimate bearing capacity of foundations buried at various depths. A embedment depth and these are also reported as the failure probability of the footing against using the 58 established uniform soil bearing capacity. Safety factors are proposed for foundations at different 59 levels of failure probability. This study provides a thorough understanding of the failure mechanisms 60 of footings in random soil, especially where structures can penetrate deeply into soil.
Introduction

69
The vertical bearing capacity of a shallow foundation is a classical geotechnical problem. When a foundation is buried 70 deeply in soil, its failure mode differs markedly from the surface footing and is characterized by a mechanism where soil 71 is free to flow around from under the footing to the top. In this case, the failure mechanism no longer extends to the soil 
89
The bearing capacity of a footing can be overestimated without accounting for the inherent random heterogeneity of 90 soil. Research on the bearing capacity of a surface footing on spatially varying soil has been conducted over the past three and Kulhawy (1999) and Baecher and Christian (2003) . In this study, the randomness of the undrained shear strength s u is 114 considered and modeled as a log-normally distributed random field with a mean value µ s , standard deviation σ s , and scale 115 of fluctuation θ s . The Young's modulus E is also a random field, as it is perfectly correlated to the undrained shear 116 4 strength s u with a ratio E/s u =500 (Hu and Randolph 1998).
117
The statistical properties of the undrained shear strength are presented in Table 1 (Gourvenec and Randolph 2003) . In the numerical modeling, the foundation is 141 displaced at the foundation reference point in the vertical direction until a failure load is attained.
142
The soil domain has a width of 6.4B and a height of 6B, which is large enough to ensure there are no obvious 143 boundary effects. The soil domain is discretized into many zones onto which the random field is to be mapped. Hence, the 144 zone size has to be carefully examined to avoid excessive spatial averaging in the finite element modeling. Ching and 145 Phoon (2013) 
166
Results and Discussion
167
The computed bearing capacity factor for each realization, N ci , can be calculated using 168
where q fi is the bearing capacity computed for the ith realization. The mean value of the undrained shear strength µ s is 170 maintained at a constant value of 10 kPa, which is the undrained shear strength of the uniform soil in the deterministic 171 analysis.
172
For each analysis, the bearing capacity increases with increasing applied displacement until plateauing at the failure 173 value (which tended to be at a displacement around 6% of the footing width). The relationship between the bearing 174 capacity factor and the normalized displacement for a surface footing is demonstrated in Fig. 2a 
186
Failure Mechanism of Foundations in Random Soil
187
The manner in which the failure plane is formed is discussed in this section. 
209
The shear plane of different realizations can be markedly different from one another due to different spatial patterns 210 of random soil. In uniform soil, the shear plane is symmetrical for surface footing (as observed in Fig. 5a ). In random soil,
211
Figs. 5b-f selectively show the failure planes for the surface footings with bearing capacity factors of 2.85, 3.94, 4.98, 5.93 212 8 and 6.34, which covers the full range of bearing capacities. Fig. 5b demonstrates that the failure plane is restricted to a 213 shallow and narrow area, which mobilizes a small area of soil and leads to a small resistance of the soil and thus a small 214 bearing capacity factor of 2.85. As the failure plane becomes deeper, with more soil mobilized, the bearing capacity factor 215 increases, as demonstrated in Figs. 5c-5f. Fig. 5e shows a comparable failure plane to that in Fig. 5d , while the bearing 216 capacity factor is 16% larger than that of Fig. 5d . A close examination reveals that the shear strength of the soil along the 217 shear plane in Fig. 5e is generally larger than that in Fig. 5d . Therefore, both the size of the shear plane and the soil 
229
The failure plane in Fig. 6f appears to be quite close to the boundary of the soil. Hence, a simulation with a larger 230 boundary (i.e., 12.8B x 6B) has been performed to investigate the boundary effect. The shear plane for this simulation is 231 shown in Fig. 7 , which is similar to that in Fig. 6f . The bearing capacity for this analysis is 12.40, which is only 1% larger 232 than that of Fig. 6f . From this, the boundary size used in the simulations (especially in Fig. 6f) The failure of a foundation can be defined by the ultimate bearing capacity or the displacement (Rowe and Davis 1982) . In 261 this paper, we focus on the bearing capacity. According to Griffiths and Fenton (2001) 
268
The probability of failure is extremely large when the ultimate bearing capacity obtained from the uniform soil case 269 is used to define the failure criteria. In reality, the allowable load is often obtained by applying a factor of safety, FS. The 270 probability that the bearing capacity is less than a targeted level of applied load can be determined by considering the 271 factor of safety. The probability of failure can be defined as the bearing capacity being less than the nominated load (i.e.,
272
N c,det /FS). For a normally distributed bearing capacity factor, the probability of failure can then be calculated using 
274
where Φ is the cumulative normal function, µ Nc and σ Nc are the mean value and standard deviation of the bearing capacity 275 factor N c , and N c,det is the ultimate bearing capacity factor of the deterministic analysis based on uniform soil.
276
The probabilities of failure for the foundations at different factors of safety can be calculated using Eq. (3) with the 277 parameters in Table 2 . When the factor of safety is 1.2, the failure probabilities are 26.5%, 9.9%, 6.2%, 2.9%, 5.5% and 278 9.9% for the foundations embedded at 0, 0.5B, 1B, 2B, 3B and 4B depths, respectively (as indicated in Fig. 11) . A 279 relatively larger probability of failure for the foundation buried at the 4B depth results from the relatively larger COV of 280 the bearing capacity factor. As the target probabilities for bearing failure are generally in the range of 10 -2 to 10 -3
, a factor 281 of safety of 1.2 would be not acceptable for design. The probability of failure decreases markedly with an increasing 282 safety factor. For the surface footing, the failure probability decreases from 82.3% to 1.4% when the factor of safety 283 increases from 1.0 to 1.5. For a foundation buried at deeper depth, the failure probabilities are all smaller than 10 -4 when 284 11 the safety factor reaches 1.5. The failure probability is essentially reduced to nearly zero by increasing the factor of safety 285 to 2.0 for all of the foundations. 
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(1) A shear plane commences at the weakest soil surrounding the foundation and extends along the weak soil path.
297
Several shear planes can be formed in random soil instead of a single shear path defined by the logarithmic spiral or 298 circular shape in uniform soil.
299
(2) Generally, the bearing capacity increases upon enlarging the shear planes, which are often unsymmetrical in random 300 soil. In addition, the shear strength values along the shear plane impose a significant effect on the bearing capacity.
301
(3) The average bearing capacity factors increase with an increasing embedment depth of the foundation due to the 302 transition of a general failure at shallow depth to a full-flow failure at deep depth. The coefficient of variation of the 303 bearing capacity factor, however, is closely related to the length of the shear plane.
304
(4) The probability of failure is larger for the foundations at deeper depths when not considering the factor of safety. The 305 probability of failure decreases markedly with an increasing safety factor for all of the foundations. The failure probability 306 is essentially reduced to nearly zero by increasing the factor of safety to 2.0 for all of the foundations at the given level of 
